INTRODUCTION
Dopamine has been identified as a neurotransmitter in the vertebrate retina (Ehinger, 1976; Witkovsky & Dearry, 1992) and in the goldfish has been shown to play an important role in visual behavior. Lin and Yazulla (1994a) , for example, have reported that depletion of retinal dopamine resulted in an increase in photopic sensitivity by 2.5 log units, an effect that was "mimicked effectively by intraocular injection with S(-)-sulpiride, a D2 antagonist, and to a lesser extent with SCH 23390, a D1 antagonist. Dopamine receptors are classified into two main groups: DI receptors result in increased adenylate cyclase levels; and D2 receptors either decrease or have no effect on adenylate cyclase levels (Creese, 1982; Seeman & Van Tol, 1994) . There is ample evidence for the presence of both D~ and D2 receptors in the retina (Schorderet & Nowak, 1990) .
The goldfish retina contains a single type of dopaminergic neuron, an interplexiform cell (DA-IPC), that receives its input in the inner plexiform layer (IPL) and provides output to the IPL as well as centrifugally to the outer plexiform layer (OPL) (Dowling & Ehinger, 1978; Yazulla & Zucker, 1988; Van Haesendonck, Marc & Missotten, 1993 Dowling, 1981; Lasater, 1987) , D2 postsynaptic receptors on retinomotor movements of photoreceptors and pigment epithelium (Dearry & Burnside 1986 and D2 autoreceptors may regulate dopamine release from DA-IPCs (Harsanyi & Mangel, 1992; Rashid, Baldridge & Ball, 1993) . At the onset of this present study there was only one report on fish retina regarding the binding characteristics of radiolabeled ligands to dopamine receptors (i.e. D2; Redburn, Clement-Cormier & Lam, 1980) , and no data on the localization of either receptor type using radiolabeled ligand binding assays. Recently, D~ receptors have been localized to the OPL and IPL of trout retina using fluorescently labeled SCH 23390; D2 receptors were localized to the OPL, IPL and photoreceptor inner segments using antisera against rat D2 receptors (Wagner & Behrens, 1993 ). Here we report on the distributions of D~ and D2 receptor sites within the goldfish retina and effects ofdopamine depletion on these distributions using radiolabeled ligands and in vitro receptor autoradiography (ARG).
METHODS

Subjects
Goldfish (Carassius auratus), approximately 10-13 cm standard body length, were obtained from Mt Parnell 2410 SHORT COMMUNICATION Fisheries (Mercersburg, PA), maintained in aerated tanks at 22°C, kept on a 12/12-hr light/dark cycle and fed crushed Purina trout chow,
Neurotoxic destruction of DA-IPC
DA-IPCs were destroyed by intraocular injection of 6-hydroxydopamine (6-OHDA) plus pargyline (Sigma Chemical Co., St Louis, MO) administered on successive days (Negishi, Teranishi & Kato, 1982; Lin & Yazulla, 1994a) . The solution was prepared freshly in HEPESbuffered fish Ringer pH 7.4 (NaC1 140 raM, KC1 3 mM, CaC121.2 raM, MgSO4 1 mM, glucose 5 mM, and HEPES 5 mM). Following anesthesia in 0.02% 3-aminobenzoic acid ethyl ester (MS-222, Sigma), intraocular injections were made with a 30 G hypodermic needle mounted on a micrometer-driven syringe. The needle was inserted through the dorsal sclera; 6-OHDA and pargyline, 5 pg of each in a total 4/~1 was injected. The other eye (sham) received an equivalent injection of the vehicle fluid. The procedure was repeated the next day except that the injection was made through the ventral sclera so that the agents would be distributed uniformly within the eye. Within 1-2 weeks all fish tilted markedly toward the 6-OHDA injected eye under uniform photopic irradiance, indicating an increase in photopic sensitivity that has been correlated with the disappearance of dopamine and tyrosine hydroxylase immunoreactivities in the retina (Lin & Yazulla, 1994a) .
Dopamine receptor in vitro autoradiography
3H-Labeled SCH 23390 (sp. act. 85.5 Ci/mmol) and 3H-labeled spiperone (sp. act. 24 Ci/mmol) were purchased from New England Nuclear. SCH 23390, quinpirole and mianserin were purchased from Research Biochemicals Inc. (MA). Stock solutions of each chemical were prepared freshly before experiments and further diluted into final working concentrations with binding buffer pH 7.4 (ingredients in mM: Tris-HC1, 170; NaC1, 120; KC1, 5; CaC12, 2; MgC12, 1; ascorbic acid, 0.001%).
In the early afternoon, 2 weeks following intraocular injection with 6-OHDA, light-adapted fish were decapitated, enucleated and the anterior chamber was removed. Eyecups were hemisected in the dorsal-to-ventral direction. One piece was processed for tyrosine hydroxylase immunoreactivity to confirm the depletion of retinal dopamine (i.e. absence of DA-IPCs) as described in our earlier studies (Lin & Yazulla, 1994a) . The other piece was processed for in vitro ARG. Isolated fish retinas were fixed in 0.1% paraformaldehyde/0.1 M sodium phosphate buffer (PB), pH 7.4, at room temperature for 1 hr, then 4c'C overnight, washed in rinsing buffer (RB; 0.I M PB plus 5% sucrose and 0.15 mM CaC12) and transferred to 30% sucrose in 0.1 M PB at 4°C for cryo-protection. Preliminary results with [3H]SCH 23390 showed that this light fixation improved morphology without altering ligand binding characteristics on slide-mounted tissue. Retinas were embedded in O.C.T. compound and quickly frozen in isopentane cooled by liquid nitrogen. Sections (10 pm thick), encompassing the entire length of the retina from dorsal-to-ventral margins, were cut radially at -20°C on a cryostat, thaw-mounted on gelatin-coated slides and stored at -20°C for 1-2 days.
The procedures of in vitro ARG were modified from Young & Kuhar (1979) , as detailed in Lin & Yazulla (1994b) . Consecutive retinal sections were washed in binding buffer for 2 rain × 2, at 21°C, followed by incubation with binding solutions for 1 hr at 21°C: I nM [3H]SCH 23390 _+ 10 pM SCH 23390 (D~ receptors), 1.0 nM pH]spiperone + 10 pM quinpirole (D2 receptors). Mianserin 100 nM was added to the pH]spiperone-containing solutions to block binding of [3H]spiperone to 5-HT2 serotonin receptors. The slides were then washed in two changes of ice-cold Tris HC1 buffer for 30 sec, cold distilled water for 1 min, dried with a stream of cold air within 10 sec and set on a warm surface for 15 min. Clean glass coverslips (No. 1) coated with Kodak NTB2 nuclear emulsion (diluted 1:1 with distilled water) were opposed to the slide-mounted sections, glued at one end with Aron Alpha adhesive, secured with pieces of Masonite and binding clips and stored at 4°C in desiccated light-tight boxes. ARG exposure took 7-10 weeks for [3H]SCH 23390 and 1 year for [3H]spiperone. After exposure, the coverslips were bent away from the sections, developed in Kodak D-19 developer at 14-16°C for 3 min, washed in Kodak stop bath for 30 sec, fixed in Kodak rapid fixer for 5 min, rinsed in distilled water 15 min and air-dried. The coverslips and sections were sealed with Permount and examined with phase-contrast and dark-field condensers. Data to be presented were obtained from three retinas each of control and 6-OHDA-injected eyes that were taken from different fish. Dopamine depletion was confirmed by the absence of tyrosine hydroxylase immunoreactivity in all 6-OHDA-treated retinas used in this study.
RESULTS
In vitro receptor ARG revealed that specific binding of [3H]SCH 13390 in all three control retinas appeared most dense over a region encompassing the OPL/horizontal cell bodies and to a lesser extent over the inner nuclear and IPL [ Fig. I(A) ]. This same pattern also was observed in all three dopamine-depleted retinas in which 6-OHDA treatment had no effect on the distribution of total pH]SCH 23390 binding [ Fig. I(C) ] nor specific binding of [3H]SCH 23390 over the OPL/horizontal cells and the inner retina. No regional differences in pH]SCH 23390 binding were noted.
[3H]Spiperone binding was distributed throughout the retina, with very high density over photoreceptor inner segments, outer segments and retinal pigment epithelium. Although of lower density, there were two distinct bands of grains over the region of the OPL/horizontal cell bodies and IPL [ Fig. 2(A) ]. Coincubation with quinpirole [ Fig. 2(C Fig. 2(D) ], indicating that there was no detectable specific [3H]spiperone binding sites in the inner retina following dopamine depletion. Grain density over the photoreceptors was saturated at the 1 year exposure for all conditions and thus no effect of quinpirole blockade was detected. As with [3H]SCH 23390, these patterns were consistent for all retinas and no regional differences in pH]spiperone binding were noted.
DISCUSSION
Dopamine D~ receptors
Specific [3H]SCH 23390 receptor binding sites were found in all retinal layers but were particularly concentrated over the OPL/horizontal cell bodies and to a lesser extent over the IPL. Wagner & Behrens (1993) who used the fluorescent Bodipy-SCH 23390 reported a comparable pattern of specific labeling in both the OPL and IPL in trout retina. Thus, the pattern of [3H]SCH 23390 binding we observed extending from photoreceptor terminals into the horizontal cell layer was expected. Further, this distribution correlates precisely with the distribution of DA-IPC processes in the outer retina (Dowling & Ehinger, 1978; Van Haesendonck et al., 1993) as well as the observed pharmacological effects of dopamine via DI receptors on fish horizontal cells (Van Buskirk & Dowling, 1981; Yazulla & Kleinschmidt, 1982; Lasater, 1987; Witkovsky & Dearry, 1992 , for review). Importantly, D, receptors also have been localized to the OPL region of rat and human retinas using [~25I]SCH 23982 (Elena, Denis, Kosina-Boix & Lapalus, 1989; Denis, Elena, Nordmann, Saraux & Lapalus, 1990) , suggesting some conservation of dopamine presence in the outer retina; however, some differences in function appear to distinguish mammalian and non-mammalian vertebrates, i.e. retinomotor movements (Witkovsky & Dearry, 1992) .
The presence (albeit lower levels) of D~ receptors in the inner retina supports a recent study by Heidelberger and Matthews (1994) showing that dopamine modulation of Ca 2+ responses in goldfish bipolar cell terminals was mediated by an increase in cAMP. D~ receptors also have been localized to the IPL of rat, rabbit and human retinas (Elena et al., 1989; Denis et al., 1990; Tran & Dickman, 1992) , consistent with reports of D~-mediated modulation of glycinergic amacrine cells in the IPL of rabbit (Jensen, 1989) and ganglion cell responses in cat (Maguire & Hamasaki, 1994) .
There was no obvious difference in the pattern or density of specific [3H]SCH 23390 binding between normal and dopamine-depleted retinas. Similar experiments in rat retina and striatum have yielded inconsistent results regarding D, receptor affinity and capacity although all agree on supersensitivity of the available Dz receptors. For example, in rat retina chronic blockade of D1 receptors with SCH 23390 reportedly increased Bm,x by 34% without changing the affinity (Porceddu, Giorgi, De Montis, Mele, Cocco, Ongini & Biggio, 1987a) , while intraocular injection with 6-OHDA decreased D~ binding sites by about 40% (Hadjiconstantinou, Ou & Neff, 1991) . In dopamine-depleted rat striatum, most studies report no change in striatal D1 receptor number or affinity (Breese, Duncan, Napier, Bondy, Iorio & Mueller, 1987; Langer, Pimoule, Reynolds & Shoemaker, 1986; Trugman, Pronsky & Wooten, 1990) , although there are reports of increased striatal D~ receptor density following 6-OHDA injection (Buonamici, Caccia, Carpentieri, Pegrassi, Rossi & Di Chiara, 1986; Porceddu, De Montis, Mele, Ongini & Biggio, 1987b) .
Dopamine D2 receptors
[3H]Spiperone binding has been localized to the OPL and IPL of goldfish retina, similar to the location of antisera against D~ receptors in trout retina (Wagner & Behrens, 1993) . This distribution is consistent with studies showing direct O2 effects on retinomotor movements of photoreceptors (Dearry & Burnside, 1986) , as well as those suggesting D2 autoreceptors on DA-IPCs (Harsanyi & Mangel, 1992; Rashid et al., 1993) , the latter of which have been shown to inhibit dopamine release in a wide variety of neural preparations (Starke, G6thert & Kilbinger, 1989 ) including retina (Dubocovich & Weiner, 1981; Cohen, Iuvone & Neff, 1981; Rashid et al., 1993) . The presence of D2 receptors in both the OPL and IPL is a consistent finding in a variety of mammalian species using in vitro ARG of [3H]spiperone or [~25I]iodosulpride binding (Denis et al., 1990; Elena et al., 1989; Zarbin, Wamsley, Palacios & Kuhar, 1986; Tran & Dickman, 1992) , and antisera against D2 receptors (Wagner, Luo, Ariano, Sibley & Stell, 1993) . Also, the localization of D2 receptor mRNA to the ONL and INL of human retina by in situ hybridization (Dearry, Falardeau, Shores & Caron, 1991) further supports the presence of D2 receptors in both plexiform layers.
Specific binding of [3H]spiperone over the plexiform layers was eliminated by dopamine depletion. The simplest explanation of this finding is that D2 autoreceptors are present on DA-IPCs that were destroyed following intraocular injections with 6-OHDA. Processes of DA-IPCs project to both plexiform layers (Dowling & Ehinger, 1978; Van Haesendonck et al., 1993) . Dopamine modulates glutamatergic mechanisms in the OPL (Knapp & Dowling, 1987) and GABAergic mechanisms in both plexiform layers (Yazulla & Kleinschmidt, 1982; Yazulla, 1985; O'Brien & Dowling, 1985; Heidelberger & Matthews, 1994) . D2 autoreceptor regulation of dopamine release (Harsanyi & Mangel, 1992; Rashid et al., 1993) would have profound effects on both centripetal and lateral pathways in the fish retina. We did not detect a reduction of [3H]spiperone binding in the presence of quinpirole in dopamine-depleted retinas suggesting the absence of postynaptic D2 receptors. This is an unlikely possibility because photoreceptor retinomotor movements are mediated by D2 receptors (Dearry & Burnside, 1986) . It is possible that the amount of non-specific binding over the photoreceptors was so high that a smaller amount of specific binding went unnoticed.
CONCLUSIONS
The distributions of dopamine Dj and D2 receptors in goldfish retina are similar to those in retinas of other species. Our results with in vitro ARG show that specific binding of both D~ and D2 receptors is a very small percentage of the total binding due to the very high levels of non-specific binding over the photoreceptors. Thus, effects of dopamine depletion may not be detectable by binding assays of retinal homogenates. In this case because of the higher sensitivity of in vitro ARG we were able to show that, over the short term (2 weeks), dopamine depletion has no effect on D~ receptors but that most of the D2 receptors in goldfish retina, proximal to the photoreceptors, are likely to be autoreceptors on dopamine interplexiform cells.
